INTRODUCTION
============

Recognition of the various roles played by RNA-splicing variants within the cell is creating a demand for better methods for detecting and characterizing these RNA species *in situ*. Direct observation of mRNA-splicing variants in cells can provide much valuable information on the spatial distribution and compartmentalization of RNA within the cell as well as the potential significance of localization with respect to RNA processing, intranuclear turnover, protein localization and transport to the cytoplasm, complementing *in vitro* biochemical methods ([@B1]). Indeed, localization of transcripts is an extremely efficient way to target encoded proteins to individual subcellular compartments or to specific regions of a cell, making it an important post-transcriptional level of gene regulation ([@B2; @B3; @B4]). Some reports have described the *in situ* detection of specific splicing variants in *Drosophila* embryos ([@B5]), striate cortex sections ([@B6]) and microdissected eye tissue ([@B7]). An approach taken by several works involves using two kinds of fluorescent DNA oligonucleotides, each labeled with a different fluorescence molecule, having a sequence complementary to an adjacent nucleic acid sequence of the target mRNA in cells, to detect formed hybrid using Förster resonance energy transfer (FRET) ([@B8],[@B9]). FRET is a process through which an excited fluorophore (donor) transfers its energy to a nearby light-absorbing molecule (acceptor). FRET is dependent on the proximity of both molecules, which must be within a range of 1--10 nm of each other, making this technique a unique tool to quantitatively analyze the molecular interactions with spatial and temporal resolution ([@B10]). The use of DNA oligonucleotide probes suffers two important limitations, in particular probe length and RNase H activation ([@B11],[@B12]). One way to address these limitations is to use artificial, high-affinity analogues of DNA, such as peptide nucleic acids (PNAs). The neutral backbone of PNAs allows them to bind to DNA or RNA under low ionic strength conditions, which discourage reannealing of complementary genomic strands. Because PNA forms highly stable duplexes with RNA, the length of the hybridization probes can be decreased, and RNase H fails to recognize the unnatural structure of PNA--RNA duplex ([@B13],[@B14]). Additional benefits of using fluorescent PNAs *in situ* hybridization are lower background signals, mild washing procedure and unlimited stability of the probe mixture ([@B15]). The combination of PNA probes and FRET has been used successfully for the detection of unspliced and spliced versions of RPS14A mRNA by *in vitro* transcription techniques ([@B16]), as well as for the direct and rapid detection and quantification of GNAS mutant alleles in fibrous dysplasia/McCune--Albright syndrome ([@B17]).

In this study we have set out a method to detect RNA-splicing variants *in situ* in cultured cells by exploiting the strict requirement for close proximity between donor and acceptor fluorophores detected by FRET, and combining it with FISH to be localized within the cell. Thus, suitable fluorescently labeled probes targeting sequences flanking a given splice junction will only engage in FRET in RNA species containing such splice junction but not others \[for proof of concept experiments as well as characterization of FRET signals see ([@B16])\]. As a model system we chose two splicing variants of lymphocyte antigen 6 complex (LY-6), locus *G5B* (*LY6G5B*) mRNA ([Figure 1](#F1){ref-type="fig"}). Isoform AJ315545 joins exons 1 and 2 (hereafter referred to as fully spliced isoform: FSI) whereas isoform AJ245417 retains the first intron (hereafter referred to as intron-retained isoform: IRI). Intron retention events are not exclusive to *LY6G5B*. Among the LY-6 major histocompatibility complex (MHC) class III region genes *LY6G5B* and *LY6G6D* showed a similar behaviour in the regulation of their alternative splicing, which involved an intron retention event ([@B18]). The intron retained lies in between exons contributing to the open reading frame and interrupts the protein just downstream the signal peptide by introducing a premature stop codon. The presence of a premature block to translation in IRI transcripts should trigger Nonsense Mediated Decay. However, both IRI as well as FSI transcripts originating from *LY6G5B* have been detected by RT-PCR in a wide variety of cell lines (i.e. HeLa cells) and tissues as mature, exported mRNAs ([@B18],[@B19]). Both RNA isoforms have been also detected in the nucleus and in the cytoplasm ([@B19]). To confirm and quantitatively characterize these splicing events we designed PNA probes labeled with donor and acceptor fluorophores, such as Cy3-Cy5 FRET pairs, flanking both the spliced and unspliced sites of FSI and IRI, respectively. Below we described this new approach, which is generically applicable to quantify and characterize a wide variety of RNA interactions analyzed by *in vitro* techniques, as well as RNA splice variants predicted by bioinformatics and computational tools. Figure 1.Sequences of target sites, acceptor and donor PNA probes for FRET experiments of FSI and IRI mRNAs of *LY6G5B* gene. For all probes acceptor and donor fluorophores were Cy5 and Cy3, respectively. Direction of arrow denotes whether the probe was the antisense (from right to left) or the sense, control, probe (from left to right). The unlabeled control probes are indicated.

MATERIALS AND METHODS
=====================

Design of PNA probes
--------------------

All fluorescent-labeled PNA probes were purchased from Panagene Inc. (Daejeon, Korea). Fluorophores used where Cy3 as FRET donor (Cy3.5 version) and Cy5 as FRET acceptor (Cy5.5 version). Design of PNA oligomer probes followed three-standard criteria: (i) probe length between 10 and 18-mer, (ii) purinic nucleotides below seven in any 10-mer stretch, (iii) no-self complementary sequences. PNA probes of 10--12-mer were designed to be complementary to sequences flanking splice junctions characteristic of splice variants AJ315545 (FSI) and AJ245417 (IRI). Target sequences, acceptor (Cy5-labeled 12-mer PNA) and donor (Cy3-labeled 10-mer PNA) probes are given in [Figure 1](#F1){ref-type="fig"}.

Cell culture
------------

HeLa human epithelial ovarian carcinoma cells were grown at 37°C in a humidified atmosphere of 5% CO~2~. Cells were maintained by regular passage in Dulbecco\'s modified Eagle\'s medium (DMEM; Gibco, Invitrogen, France). This medium was supplemented with 10% heat-inactivated fetal bovine serum (FBS), 2 mM [l]{.smallcaps}-glutamine, 100 U/ml penicillin, 50 U/ml streptomycin, 0.1% of sodium bicarbonate 7.5% solution and sodium pyruvate 100 mM (Gibco).

PNA fluorescence *in situ* hybridization (FISH)
-----------------------------------------------

HeLa cells were grown on 16-mm glass coverslips for 24 h in complete DMEM medium, and then washed with 1× PBS without Ca^2+^ or Mg^2+^ (Gibco). Because no protocol had been so far described for cell FISH using PNA probes, cells were initially processed according to three pre-existing FISH protocols to find the best hybridization conditions. The first protocol assayed was a modified protocol introduced by Van de Corput and colleagues ([@B20]). Briefly, cells were fixed in 4% formaldehyde, 5% acetic acid in 0.9% NaCl, and permeabilized with 70% ethanol overnight at −20°C. After permeabilization, cells were pre-treated with 0.002% pepsin in 0.01 N HCl for 4 min at 37°C, post-fixed with 3% formaldehyde, and dehydrated in a graded series of ethanol (70%, 90% and 100%), 5 min each step, at room temperature. *In situ* hybridizations were performed in air-dried cells by hybridizing overnight at 37°C in Hybridization Buffer (Vysis, Abbott Molecular, Pasadena, CA) containing fluorescent-labeled PNA probes (e1A-Cy5, e2D-Cy3, i1D-Cy3, e2Dsense-Cy3 or i1Dsense-Cy3) and unlabeled probes (e1A, e2D and i1D) at concentrations that ranged 1, 2, 5, 10 and 20 μM in an humidified chamber (see also [Figures 1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}). After removing the hybridization solution with 0.1 M Tris--HCl pH 7.4, 0.15 M NaCl and 0.05% Tween 20, cells were washed twice with 2× SSC (2× Standard Saline Citrate, Gibco) at room temperature and at 37°C for three times each. Two additional FISH protocols based on the works by Bonifazi *et al.* ([@B21]) and Rayasam *et al.* ([@B22]) gave inconsistent results. For FRET experiments we used the modified Van de Corput protocol ([@B20]) with combined donor and acceptor PNA probe pairs (e1A-Cy5/e2D-Cy3, e1A-Cy5/i1D-Cy3, e1A-Cy5/e2Dsense-Cy3 and e1A-Cy5/i1Dsense-Cy3). After the final washing step, cells were mounted in antifading medium (Glycerol/PBS). All solutions were made in DEPC-treated water. Figure 2.Representative confocal laser scattering microscopy images of HeLa cells hybridized with the indicated PNA probes. Images to the right were taken under phase contrast microscopy. Fluorescence signal coming from Cy5-labeled probes is shown in the green channel (**A**) while signal originating from Cy3-labeled probes is shown in red (**B--E**). Magnification bars were 10 μm (A) and 20 μm (B--E).

Combined PNA--FISH and immunofluorescence protocol
--------------------------------------------------

HeLa cells were grown on 16-mm glass coverslips for 24 h in complete DMEM medium, and then washed with 1× PBS without Ca^2+^ or Mg^2+^. The slides were fixed in 100% methanol at −20°C for 10 min. After removing the methanol, the slides were allowed to air dry and were stored overnight at −80°C. Cells were washed with PBS and incubated with mouse monoclonal anti-phospho-SC35 Nuclear Speckles antibody (Abcam, Cambridge, UK) for 2 h at 37°C, followed by three washes with PBS. After incubation with secondary FITC anti-mouse antibody (Sigma-Aldrich), coverslips were washed again with PBS, and then processed for PNA--FISH by hybridizing with fluorescent PNA probes (e1A-Cy5, e2D-Cy3 or i1D-Cy3) at a suitable concentration in PBS at 37°C overnight in a humidified chamber. Finally, cells were washed several times with PBS and mounted with glycerol/PBS mixture.

Imaging with confocal FRET microscopy
-------------------------------------

Confocal images were acquired with a Leica TCS-SP2 confocal microscope (Leica Microsystems, Heidelberg GmbH, Germany) at the Central Unit of Research of University of Valencia. To correct for spectral bleed-through (SBT) and for uncontrolled variations in donor--acceptor concentrations, a combination of donor, FRET and acceptor filter sets was used to isolate and maximize three specific signals: donor fluorescence, acceptor fluorescence resulting from FRET and the directly excited acceptor fluorescence, respectively. Filter sets used were as follows: the red channel (donor excitation/donor emission = 543/575 nm: Cy3), the green/blue channel (acceptor excitation/acceptor emission = 633/680 nm: Cy5) and the FRET channel (donor excitation/acceptor emission = 543/680 nm: FRET). Three different samples, containing just donor, just acceptor, and both donor and acceptor were examined with each of the three filters.

FRET image data analysis
------------------------

FRET was measured using the FRET-sensitized emission Wizard of the Leica Confocal Spectrum Express 03 software package that is used for measuring the FRET efficiency. The sensitized emission technique quantifies FRET by measuring the increase in acceptor emission upon energy transfer from the donor. As described above, this method needs reference intensities (donor only and acceptor only specimens) in order to obtain calibration coefficients to correct for excitation and emission crosstalk, excitation of the acceptor through the excitation wavelength of the donor or the impact of the background signal. The software used removes both the donor and acceptor SBT problems and corrects the variation in fluorophore expression level, calculating FRET efficiency (E) in percent, based on the formula described by Wouters *et al.* ([@B23]): *E* = \[*B*~FF~ − (*A*~DE~*B*~DC~) − (*C*~AE~*C*~AC~)\]/*C*~AE~, where *B*~FF~ is the intensity of fluorescence in FRET channel; *A*~DE~ is the intensity in donor emission channel; *C*~AE~ is the intensity in acceptor emission channel; *B*~DC~ is the donor emission crosstalk ratio, and *C*~AC~ is the acceptor excitation crosstalk ratio. The correction factors on the formula are (*A*~DE~*B*~DC~), the donor crosstalk correction, and (*C*~AE~*C*~AC~) is the acceptor cross-excitation correction. The method involves measuring the donor (donor excitation only) and the FRET signal, followed by the detection of the acceptor (acceptor excitation only). The donor and acceptor measurements give the correction constants for elimination of the excitation and emission crosstalk. Images were sequentially recorded for each of the following three channels. First Channel A (A, ch1), that is, the excitation with excitation wavelength of donor and detection with parameter settings of donor (donor channel); Second Channel B (B, ch2), that is, the excitation with excitation wavelength of donor and detection with parameter settings of acceptor (FRET channel); Third Channel C (C, ch3), that is, the excitation with excitation wavelength of acceptor and detection with parameter settings of acceptor (acceptor channel). Once appropriate image sets were obtained, the software package generated a FRET efficiency report in which regions of interest (ROIs) were manually selected from the image. The bleed-through component in ROIs is evaluated based on the individual donor and acceptor samples, and was eliminated from the FRET data, pixel by pixel, to obtain the true (or precision) FRET efficiency signal, that is, the mean FRET pixel intensities within each ROI. FRET measurements for all ROIs selected are given as the mean ± SE from a minimum of four independent experiments. FRET values in the different conditions assayed were compared using a Student\'s *t*-test.

RESULTS
=======

FISH in cultured cells using PNA probes requires a pepsin treatment
-------------------------------------------------------------------

As a first step in the optimization of a PNA--FISH protocol to detect FSI and IRI transcripts in HeLa cells, we tested three conventional FISH protocols using several concentrations of e1A-Cy5, e2D-Cy3, i1D-Cy3 antisense and e2Dsense-Cy3 and i1Dsense-Cy3 PNA probes (1, 2, 5, 10 and 20 μM), as described in 'Materials and Methods' section. Based on confocal microscopy signal, the FISH protocol described by Van de Corput and colleagues ([@B20]) gave the best results at 20 μM of e1A-Cy5, and 5 μM of e2D-Cy3, e2Dsense-Cy3, i1D-Cy3 and i1Dsense-Cy3 PNA probes. Fluorescence signals allowed a clear localization of RNA isoforms in the cytoplasm and nucleus, which were also suitable to FRET analysis ([Figure 2](#F2){ref-type="fig"}). Hybridization of the unlabeled PNA probes (e1A, e2D and i1D) were completely negative at all probe concentrations, discarding potential background noise from either cells or PNA probes (data not shown). Thus, Cy5 as well as Cy3-labeled PNA probes can hybridize to target mRNAs *in situ*. Other FISH protocols tested did not reveal a consistent fluorescence signal at any of the concentrations assayed (data not shown). We note that both hybridization controls e2Dsense-Cy3 and i1Dsense-Cy3 gave strong signals as well. This is probably due to their short size (10-mer), which allows them to recognize transcripts other than those originated from *LY6G5B*. However, hybridization signals from e2Dsense-Cy3 and i1Dsense-Cy3 are expected to be unable to engage FRET with antisense probes due to the absence of matching sequences within the *LY6G5B* transcripts, thus providing a convenient FRET negative control.

Ly6G5B PNA probes strongly stain the cytoplasm, but also the nucleolar subcompartment
-------------------------------------------------------------------------------------

Fluorescence signal originated from e1A-Cy5, e2D-Cy3 and i1D-Cy3 PNA probes was detected both in the cytoplasmic and nuclear cellular domains ([Figure 2](#F2){ref-type="fig"}). We observed a patched nuclear signal resembling nuclear speckles with respect to size, shape and number. Speckles are nuclear bodies enriched in splicing and export factors ([@B24]). Alternatively, patched nuclear signal might correspond to nucleoli, which has been suggested to participate in unconventional roles, particularly the biogenesis of RNA-containing cellular machinery components other than ribosomes ([@B25]). Having optimized the concentration of PNA probes suitable for FRET analysis, we next examined the intranuclear spatial distribution of the fluorescent PNA signal in HeLa cells. Colocalization of the e1A-Cy5, e2D-Cy3 and i1D-Cy3 hybridization signals with speckles was investigated by a combination of anti-SC35 antibody staining ([@B26]) with a methanol-based FISH protocol (see 'Materials and Methods' section) to preserve protein epitopes ([@B20]). Because nucleoli are denser and more refractile than the nucleoplasm, co-localization of hybridization signals and nucleoli in HeLa cells was assessed by merging fluorescence and phase contrast images, which reveal nucleoli as dark nuclear bodies ([@B27]). Fluorescence originated from e1A-Cy5, e2D-Cy3 and i1D-Cy3 was accumulated in non-speckle regions ([Figure 3](#F3){ref-type="fig"}; white arrows), detecting a complete absence of colocalization with an anti-SC35 antibody. Unexpectedly, under the transmitted light, nuclear hybridization fluorescence completely colocalized with HeLa nucleoli in all cells analyzed ([Figure 3](#F3){ref-type="fig"}). Figure 3.*LY6G5B* PNA probes label the cytoplasm and nucleoli of HeLa cells, but not nuclear speckles. Cells were fixed and subject to FISH and immunofluorescence using fluorescent PNA probes e1A-Cy5 (**A**; blue), e2D-Cy3 (**B**; red) or i1D-Cy3 (**C**; red), and SC35 monoclonal antibody detected with a FITC-labeled secondary (SC35-FITC; green in A--C). Nuclear speckles (white arrows) fail to colocalize with the intranuclear hybridization signal in any field studied (shown representative examples in the merged images). Nucleoli appear as darker bodies under phase contrast transmitted light (TL; black arrows), which correspond to the locations of hybridization signals as shown in the merged images. Magnification bar, 10 μm.

Fluorescence energy transfer between exonic donor-acceptor PNA probe pairs
--------------------------------------------------------------------------

In these experiments Cy5 and Cy3 fluorophores served as the acceptor-donor pair for FRET. If acceptor (Cy5) and donor (Cy3) are in close proximity (\<10 nm) and in appropriate relative orientation to each other, excitation of the donor molecule leads to transfer of energy to the acceptor. This energy transfer results in a decrease in emission from the donor and in increase in fluorescence at the emission wavelength of the acceptor ([@B10],[@B28],[@B29]). We performed FRET by imaging sensitized emission based on measuring fluorescence intensities. Detecting sensitized emission is technically the most straightforward method for measuring FRET, but it is also the most complex to analyze. Appropriate filter sets are used to isolate the specific signals from donor and acceptor to carefully correct the contamination by spectral bleed-through (SBT) of the detected FRET signal. SBT is contributed by both the donor emission that is detected in the acceptor (FRET) channel and by direct excitation of the acceptor fluorophore at the wavelength used to excite the donor ([@B30],[@B31]). Therefore, donor-only and acceptor-only controls were included in the measurements. In fact, we used FRET-sensitized emission Wizard of the Leica Confocal Spectrum Express 03 software package, that removes both the donor and acceptor SBT problems and corrects the variation in fluorophore expression level, calculating FRET efficiency (E) in percent in the different regions of interest (ROIs) selected, as described in 'Materials and Methods' section.

A strong FRET signal was observed in the cytoplasm and nucleolus of HeLa cells hybridized with the FSI-specific e1A-Cy5/e2D-Cy3 probe pair ([Figure 4](#F4){ref-type="fig"}A). After manual selection of ROIs, which included cell cytoplasms (ROI 1--9) and background (ROI 10, outside the cell), the software generated a report with FRET values information, and percent FRET efficiency for each ROI, correcting the optical crosstalk and the background effect as reference with Donor Channel A (A, ch1), with FRET Channel B (B, ch2) and Acceptor Channel C (C, ch3). Similar reports were obtained for the cytoplasms of cells, and the FRET efficiency values were used to calculate the mean FRET efficiency percentage in the cell cytoplasm (mean ± SE: 41.9 ± 1.39%, *n* = 88). A representative report of FRET efficiency for the negative control e1A-Cy5/e2Dsense-Cy3 probe pair is shown in [Figure 4](#F4){ref-type="fig"}B, where the FRET efficiency percentage in manually selected cytoplasmic ROIs (ROI 1-8 in cytoplasm, white arrows) is dramatically reduced (*n* = 105, 5.4 ± 0.3%). FRET efficiency mean of FSI-specific e1A-Cy5/e2D-Cy3 probe pair was significantly higher than negative control probe pair e1A-Cy5/e2Dsense-Cy3 in the cytoplasm with a student\'s *t*-test ([Figure 4](#F4){ref-type="fig"}C, *P* \< 10^−6^). Values of FRET, FRET efficiency and excitation channels A, B and C for the ROIs shown in [Figure 4](#F4){ref-type="fig"} (also for [Figures 5--7](#F5 F6 F7){ref-type="fig"}) are provided in [Supplementary Data](http://nar.oxfordjournals.org/cgi/content/full/gkp551/DC1). Figure 4.FRET between e1A/e2D probe pair detects the *LY6G5B* transcript FSI in the cytoplam of HeLa cells. Representative laser scanning microscope FRET report containing donor-red, acceptor-green, FRET and FRET efficiency images (pseudocolor) from (**A**) positive e1A-Cy5/e2D-Cy3 and (**B**) negative e1A-Cy5/e2Dsense-Cy3 FRET combination in HeLa hybridized cells. The color bar represents relative degree of FRET efficiency shown in the pseudocolor images. Values of the different ROIs selected (white arrows) are shown in [Supplementary Data (Figure S1A and B)](http://nar.oxfordjournals.org/cgi/content/full/gkp551/DC1). Magnification bar, 10 μm. (**C**) Representation of mean ± SE of FRET efficiency values of cytoplasmic ROIs from e1A-Cy5/e2D-Cy3 (*n* = 88) and e1A-Cy5/e2Dsense-Cy3 (*n* = 105) in five hybridization experiments. A statistically significant difference was observed between the positive FRET pair e1A-e2D and negative e1A-e2D sense probe combination applying a Student\'s *t*-test. Figure 5.FRET between e1A/e2D probe pair detects the LY6G5B transcript FSI in the nucleous of HeLa cells. Representative laser scanning microscope FRET report containing donor-red, acceptor-green, FRET and FRET efficiency images (pseudocolor) from (**A**) positive e1A-Cy5/e2D-Cy3 and (**B**) negative e1A-Cy5/e2Dsense-Cy3 FRET combination in HeLa cells. The color bar represents relative degree of FRET efficiency shown in the pseudocolor images. Values of the different ROIs selected (white arrows) are shown in [Supplementary Data (Figure S1C and D)](http://nar.oxfordjournals.org/cgi/content/full/gkp551/DC1). Magnification bar, 10 μm. (**C**) Representation of mean ± SE of FRET efficiency values of nucleolar ROIs from e1A-Cy5/e2D-Cy3 (*n* = 27) and e1A-Cy5/e2Dsense-Cy3 (*n* = 39) in four hybridization experiments. A statistically significant difference was observed between the positive FRET pair e1A/e2D and negative e1A-e2D sense probe combination applying a Student\'s *t*-test. Figure 6.FRET between e1A/i1D probe pair detects the LY6G5B transcript IRI in the cytoplasm of HeLa cells. Representative laser scanning microscope FRET report containing donor-red, acceptor-green, FRET and FRET efficiency images (pseudocolor) from (**A**) positive e1A-Cy5/i1D-Cy3 and (**B**) negative e1A-Cy5/i1Dsense-Cy3 FRET combination in HeLa cells. The color bar represents relative degree of FRET efficiency shown in the pseudocolor images. Values of the different ROIs selected (white arrows) are shown in [Supplementary Data (Figure S2A and B)](http://nar.oxfordjournals.org/cgi/content/full/gkp551/DC1). Magnification bar, 10 μm. (**C**) Representation of mean ± SE of FRET efficiency values of cytoplasmic ROIs from e1A-Cy5/i1D-Cy3 (*n* = 108) and e1A-Cy5/i1Dsense-Cy3 (*n* = 71) in four hybridization experiments. A statistically significant difference was observed between the positive FRET pair e1A-i1D and negative e1A-i1D sense probe combination applying a Student\'s *t*-test. Figure 7.FRET between e1A/i1D probe pair detects the LY6G5B transcript IRI in the nucleolus of HeLa cells. Representative laser scanning microscope FRET report containing donor-red, acceptor-green, FRET and FRET efficiency images (pseudocolor) from (**A**) positive e1A-Cy5/i1D-Cy3 and (**B**) negative e1A-Cy5/i1Dsense-Cy3 FRET combination in HeLa cells. The color bar represents relative degree of FRET efficiency shown in the pseudocolor images. Values of the different ROIs selected (white arrows) are shown in [Supplementary Data (Figure S2C and D)](http://nar.oxfordjournals.org/cgi/content/full/gkp551/DC1). Magnification bar, 10 μm. (**C**) Representation of mean ± SE of FRET efficiency values of nucleolar ROIs from e1A-Cy5/i1D-Cy3 (*n* = 41) and e1A-Cy5/i1Dsense-Cy3 (*n* = 39) in four hybridization experiments. A Student\'s *t*-test reveals statistically significant difference between mean FRET efficiency values from e1A/i1D and e1A/i1Dsense hybridization conditions.

A similar FRET was detected between FSI-specific donor acceptor probe pairs (e1A-Cy5/e2D-Cy3) in nucleolar ROIs ([Figure 5](#F5){ref-type="fig"}A). After manual selection of ROIs (ROI 1--8 in nucleoli, white arrows), the software generated a report with FRET efficiency values. Nucleolar reports of e1A-Cy5/e2D-Cy3 FRET were obtained, and the mean ± SE FRET efficiency values were 73.7 ± 5.45%, *n* = 27. In contrast, FRET efficiency for the negative probe pair e1A-Cy5/e2Dsense-Cy3 was significantly lower in nucleolar regions (*n* = 39, 0.6 ± 0.09%) applying a Student\'s *t*-test ([Figure 5](#F5){ref-type="fig"}, *P* \< 10^−4^). Taken together these results indicate that FSI RNA locates to the nucleolus thus suggesting either an unconventional role for nucleoli in LY6G5B pre-mRNA processing or a role for FSI transcripts in a nucleolar function.

Isoform-specific fluorescence energy transfer
---------------------------------------------

We next performed a similar FRET analysis in HeLa cells using the IRI-specific e1A-Cy5/i1D-Cy3 probe pair. In [Figure 6](#F6){ref-type="fig"}A, we show a representative FRET images report of manually selected cytoplasmic ROIs (ROI 1--8 in cytoplasm and ROI 9 outside the cell, white arrows). Equivalent e1A-Cy5/i1D-Cy3 FRET reports were obtained. The percentage FRET efficiency mean ± SE of all ROIs selected was 28.3 ± 0.78%, *n* = 108, in contrast to the negative FRET probe pair e1A-Cy5/i1Dsense-Cy3 in cytoplasmic regions (0.49 ± 0.21%, *n* = 71), which is shown in a FRET image report in [Figure 6](#F6){ref-type="fig"}B (ROI 1--7 in cytoplasm and ROI 8 outside the cell, white arrows). Mean FRET efficiency values were significantly different in a Student\'s *t*-test (*P* \< 10^−6^).

In the analysis of the nucleolar signal, the mean of FRET efficiency for the e1A-Cy5/i1D-Cy3 probe pair was 17 ± 0.75% (*n* = 41), in contrast to 0.7 ± 0.37% (*n* = 39) of nucleolar ROIs from HeLa cells hybridized with the negative control e1A-Cy5/i1Dsense-Cy3 probe combination. A representative laser scanning microscope FRET report derived from the selection of nucleolar regions of e1A-Cy5/i1D-Cy3 and e1A-Cy5/i1Dsense-Cy3 hybridizations are shown in [Figure 7](#F7){ref-type="fig"}A (ROI 1--6 in nucleoli, white arrows) and [Figure 7](#F7){ref-type="fig"}B (ROI 1--14, white arrows), respectively. FRET efficiency differences were significant in a Student\'s *t*-test ([Figure 7](#F7){ref-type="fig"}C, *P* \< 10^−5^).

FRET efficiency values critically depend on donor and acceptor concentration thus providing an estimate of target sequence concentration in different cellular compartments. Average FRET efficiency for FSI-specific probe pair was significantly higher in the nucleolus (73.7%) than in the cytoplasm (41.9%; *P* \< 0.05) thus indicating that the concentration of FSI was higher in the nucleolus than in the cytoplasm. Contrarily, FRET efficiency for IRI-specific probe pair was significantly lower in the nucleolus (17%) than in the cytoplasm (28.3%; *P* \< 0.001) thus pointing at a preferential accumulation of IRI in the cytoplasm. However, because FRET efficiency also depends on distance between donor/acceptor fluorophore pairs, which is different in FSI and IRI probe pairs, comparisons between FSI and IRI expression levels in the same cellular compartment, for example the cytoplasm, are not possible.

DISCUSSION
==========

We describe a FRET-based PNA FISH (FP--FISH) as a novel *in situ* detection method for the characterization of mRNA-splicing variants in cultured cells. The method basically involves using two fluorescently labeled PNA probes complementary to sequences flanking a given splice junction, which specifically detects mRNA species in which such two sequences are close together by engaging appropriate donor/acceptor fluorophore pairs in FRET. This method provides sensitive and valuable information on the spatial distribution and compartmentalization of specific RNA species, and the possible significance of this localization in RNA processing, intranuclear turnover and transport to the cytoplasm. FP--FISH has three main advantages: (i) the high efficiency of PNA probes in FISH by improving the binding specificity, background signals and the unlimited stability of the probe mixture; (ii) the use of suitable PNA pair fluorophores to increase FRET efficiency in the hybridized cell samples; and (iii) the analysis by FRET sensitized emission under a software guidance optimizing the image and the measurements of the FRET share being the system easy for the operators to handle. The method, nevertheless, is intrinsically limited to the detection of splice variants one at a time, as it relies on the hybridization of probe pairs to unique splice junction sequences.

To determine the presence and abundance of an mRNA in a tissue or cell sample, a variety of techniques are available. Northern hybridization, RNA-protection assays, and the more sensitive RT--PCR are most frequently used for this purpose. With appropriate calibration, these techniques also allow relative and absolute quantitation of mRNA abundance, and spatial and temporal differences in mRNA expression can likewise be determined. However, they do have the basic limitation that only average mRNA abundance of a tissue or cell sample can be determined. *In situ* hybridization (ISH) has the ability to visualize mRNA sequences at the (sub-)cellular level with high spatial and temporal resolution, distance range, and sensitivity, in a broader range of biological applications ([@B32]). Therefore, this method can better quantify the 'true' expression level of different mRNA species in cells and is an important tool for gene expression studies ([@B33],[@B34]). ISH originally utilized probes in the form of radioactively labeled rRNA, visualized by autoradiography ([@B35]). Subsequently, various non-isotopic probe labels have also been used, usually detected with immunoenzymatic methods ([@B36]) or fluorescent *in situ* hybridization (FISH) ([@B37]). In order to generate sufficient signal, non-isotopic ISH methods usually use long probes or multiple probe cocktails for binding of sufficient number of label molecules to each target. However, long probes, as well as being not well suited for the discrimination of minor sequence variations, also add a problem since affinity and specificity for nucleic acid probes usually are inversely correlated ([@B38]). The use of short synthetic DNA oligomers as well as biosynthesizing short RNA probes modified with fluorescent labels have limitations in detecting and probing the structure and function of biological RNAs. For example, DNA-based probes have relatively low affinity for complementary RNA, so it requires that either long DNA probes be used or effective target sites be limited to unstructured regions of the RNA ([@B12]). Also, the problems and cost of chemically synthesized RNA, as well as limitations on biosynthesizing RNA site-specifically modified with fluorophores ([@B39; @B40; @B41]), hinder progress in this area. One possibility to address these hybridization probes limitations is to use unnatural, high-affinity analogues of DNA. In the present study, we used artificial nucleic acids, such as PNA--oligonucleotides, that typically hybridize to complementary DNA and RNA targets with high affinity, yielding base-paired duplexes with high thermal stabilities ([@B13],[@B42]). As a first step in confirming that the PNA--FISH assay did detect FSI and IRI mRNA splice sites sequences in HeLa cells, we tested different concentrations of e1A-Cy5, e2D-Cy3, i1D-Cy3 antisense PNA probes and, e2Dsense-Cy3 and i1Dsense-Cy3 under three different FISH protocols. Clear localization of mRNA molecules in the cytoplasm and nucleus was only found with a FISH protocol that included a mild pepsin treatment step while alternative FISH protocols gave unconsistent hybridization signals or no signal at all.

FRET is one of the most useful and widely applied tool in use today to measure distances on the molecular scale in cells ([@B43],[@B44]). The majority of FRET studies had been applied to identify and spatially localize sites of direct interaction between molecules, specially the detection of direct protein--protein interactions, but little is known about the use of this technique to detect and characterize RNA species interaction. Here we show the usefulness of FRET to quantitavely analyze splicing events (FSI and IRI) of a specific gene, *LY6G5B*, in cell in culture. We show a strong FRET signal in the cytoplasm and nucleoli of HeLa cells hybridized with positive FRET--PNA probe pairs detecting FSI and IRI. Consistently, negative FRET--PNA probe pairs e1A-Cy5/e2Dsense-Cy3 and e1A-Cy5/i1Dsense-Cy3 showed a statistically significant decrease in FRET efficiency both in the cytoplasm and nucleoli of HeLa cells. FRET efficiency values can be used to provide an estimate of target RNA concentration in a given cellular location. For example, we detect higher FRET efficiency for FSI probe pair in the nucleolus than in the cytoplasm ([Figures 4](#F4){ref-type="fig"} and [5](#F5){ref-type="fig"}), thus suggesting that FSI transcripts preferentially accumulated in the nucleolus versus the cytoplasm. However, we note that a comparison of relative levels of expression of FSI versus IRI in the cytoplasm or nucleolus is not possible as FRET efficiency values are also influenced by the distance that separates donor and acceptor fluorophores in FSI and IRI probe pairs. Indeed, as the number of nucleotides separating two fluorophores decreased from 11 (e1A-Cy5/i1D-Cy3) to 5 (e1A-Cy5/e2D-Cy3), changes in fluorescence FRET spectra became larger, from cytoplasmic 28.3% and nucleolar 17% FRET efficiency to cytoplasmic 41.9% and nucleolar 73.7%, respectively, consistent with isoform specific FRET. Within a range from 4--14 nt, the distances between two fluorophores estimated from FRET efficiency were well correlated with the expected distances between two fluorophore-conjugated nucleotides ([@B9]). Our results show that FRET occurred quantitatively in response to the number of nucleotides separating the donor and acceptor on the double-strand PNA--RNA hybrids formed, suggesting that under the PNA design rules, the selection of PNA probe pairs suitable for FRET analysis ought to be 4--14 nt apart for best results.

We note that FP--FRET is not confined to detecting nearby sequences within a single molecule, but has the potential to be used as a molecular ruler to determine intermolecular distances, either between two RNA molecules or an RNA molecule and a protein. For example, detection of fluorescence energy transfer between a donor PNA probe against a given sequence in molecule 1 and acceptor PNA probe against a given sequence in molecule 2, would place both molecules a maximum of 10 nm apart. These evolutions of the FP--FRET application we describe would help delineate RNA or RNA--protein conformational changes in large macromolecular complexes, for instance the working spliceosome, for which few structural details are known so far, and whose 3D structure has not been obtained. Also, this new approach could be generically applicable to quantify and characterize a wide variety of RNA interactions analyzed by *in vitro* techniques, and potential trans-splicing variants predicted by bioinformatic and computational tools. So, this method could fulfill the need for efficient methods allowing the detection and characterization of RNA--RNA and RNA--protein interactions, such as snRNAs ([@B45]), snoRNAs with their targets ([@B46]), and micro-RNAs from the RNAi pathway with their target mRNA(s) ([@B47]). Through technical improvements, we believe that FP--FISH could be suitable to automatization, as similarly seen in cytogenetic imaging through commercially available imaging platforms ([@B48; @B49; @B50; @B51]).

A combination of FISH and immunofluorescence methods was used to discard co-localization of intranuclear fluorescent PNA signal and nuclear speckles in HeLa cells. Instead, under transmitted light, FSI and IRI isoforms accumulated in patches that perfectly colocalized with HeLa nucleoli. This was surprising as nuclear speckles are typically associated with pre-mRNA splicing, mature mRNA storage, and export control ([@B26],[@B52]), whereas nucleoli are physical compartments where ribosome biogenesis takes place. Nevertheless, the nucleoli have been involved in a number of unconventional cellular processes, such as mRNA export or surveillance. For example, spliced c-myc RNA localized to the nucleolus in mammalian cells ([@B53]). The nucleolus in mRNA transport-defective yeast mutants has been shown to be disrupted and fragmented. Furthermore, heat shock or mutation of nucleolar proteins such as pol I or Mtr3p, also implicated in mRNA transport, result in accumulation of polyA + RNA in the nucleolus of yeast ([@B54],[@B55]). Evidence from *Schizosaccharomyces pombe* indicated that a subset of polyA + RNA associates transiently with the nucleolus during export; in transport-defective mutants, an intron-containing transcript accumulated in the nucleolus, whereas transcripts from the intronless cDNA did not accumulate ([@B56]). One work using a GFP-based reporter system in living yeast cells showed that mRNA processing factors were required for nuclear export of mRNAs, demonstrating a clear coupling between mRNA processing and export. Moreover, mRNAs containing a particular 3′-untranslated region sequence from the ASH1 transcript accumulated in the nucleolus ([@B57]). Given the clear nucleolar localization of LY6G5B isoforms as well as the examples just mentioned, we suggest an unconventional role for the nucleolus in FSI and IRI isoform metabolism including export control, RNA surveillance and/or an as yet unknown function.

In summary, FP--FISH provides a robust *in situ* technology to quantitatively characterize different mRNA splice variants with spatial and temporal resolution within a cell. The assay might also be adapted to the analysis of RNA--RNA and RNA--protein interactions and is therefore expected to resolve and confirm predicted macromolecular interactions involving RNA, and to find broad application in basic cell biology and molecular pathology research.
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